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SUMMARY

A study is made of the dynamic response of an elastic structure in the
semi-cylindrical alluvial valley and subjected to the action of obliquely
incident SH waves. TIwo kinds of soil-footing-structure interaction systems
are considered. It is shown that the more closely the two-dimensional soil-
structure system is located at the edge of the alluvial valley, the more
pronounced the effect of incidence angle of SH waves on the displacement
amplitude of the structure becomes and that the torsional vibration of the
three-dimensional soil-structure system has predominant effect on the rela-
tive response of the structure.

INTRODUCTION

It has been recognized that the dynamic behavior of a building structure
during an earthquake is considerably affected by the geclogical formation and
the property of the soil medium under the structure. In particmlar, the
geological and topographical irregularities in the soil medium seem to have
a tremendous effect on the characteristics of the earthquake ground motion
and also on the associated structural damage of the building. Although there
have been many investigations about the elastic wave propagation in or around
such geological and topographical irregularities of the soil medium, we can
however point out only a few investigations about the effects of the amplifi-
cation and focussing properties of elastic wave motions resulting from the
local geological and subsurface soil conditions on the earthquake response of
the structure considering the soil~structure intersction.?™?

In this paper, therefore, we investigate the effects of topographical
site conditions on the earthquake response of a structure. Two kinds of soil-
footing~-structure inferaction systems are considered as follows; (a) Two-
dimensional antiplane soil-structure interaction system with an embedded
rigid semi-cylindrical footing welded to a semi~cylindrical alluvial valley.
(b) Three-dimensional soil-structure interaction system with a rigid circu-
lar footing placed on a semi~cylindrical alluvial valley.

MODEL AND METHOD OF SOLUTION

Two-dimensional antiplane soil-structure interaction.?

The two-dimensional soil-structure interaction system considered in this

study is shown in Fig. 1. The structure is supposed to be a one-dimensional
shear wall and to be erected upon & rigid semi-cylindrical footing with
radius a, located on a semi-cylindrical alluvial valley with radius a}

which is characterized by the mass density, p; , and the shear wave velocity,
e] . We could define two polar coordinates, (rz, ¢2) and (ry, ¢1) with their
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origins located at the centers of the footing and the alluvial valley,
respectively.

The incident plane SH-weve ujz‘ is

‘%'Nm(—i(w-xzxxcoaef:znuno)) soe (1)

in which Kz = w/e; : the vave number in soil medium IT. Since the reflected
wave ul from the hulf=spEce boundary 18 the Same form =S u% except that ¥y
is replaced by -y , the total free-field motion ué + ug is expressed

47 terms of Bessel and harmonic functions convenient to match the boundery
conditions.

When the soil-structure interaction system is subjected to the obliquely
incident SH waves, three kinds of scattered waves should be considered in
order to mstch the boundary conditions. They are the scattered wave uf in
the alluvial velley radiated from the footing, the scattered wave uV n
the alluvial valley and the scattered wave ulé in the surrounding eia.stic
half-space radiated from the slluvial valley. We assume that the scattered
waves u'f; . u‘{ » end u} have the forms.

) 4 1
u) = ngobnlé ’(nrz) cos nd2 oo (2a)
= nzo ann(Klrl) cos n1 *es (2b)
u - ado ‘n'::‘)(:zrx) cos n¢y e+ (2¢)
in which By ey and are the unknown coefficients. The scattered

vaves uf |, uY and u} in Eqs. (2) satisfy the scalar wave equation in
polar coordinates in eac}zn' domain of the soil media. We could express the
scattered wave u! in (rs ¢1) coordinates and the scattered wave u’ in
(rz, ¢2) coordinstes convenient to satisfy the boundary conditions. .kpplying
the Graf's Addition Theorem, we can transform uY to the (r3, ¢2) coordinates

“Y = Jo -:o(‘l)-"n ‘.L:(MD)J.(qrz) cos mg2/2 eee (3)

in which Ip (kyD) = J.

pam KID) # (1) (D) .

. And the scattered wave uil‘ at the boundery rj = a; can be expanded
into the Fourier series

P -
" 'r;aa; = nzo ko Sa %2 G SO* 31

in which L = f: [ Hi”(xlrz) cos n””rx’lx cosmdy d¢y/v .

see (B)

In order to determine the displacement amplitude A &f the footing sub-
Jected to seismic SH waves, we could divide the problem effectively into the
problems: (A) The first step in the analysis corresponds to the evaluation
of the force-displacement relation (the impedance function) for the soil in
contact with the rigid massless semi~cylindrical footing embedded in the
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alluvial valley. (B) Secondly, we evaluate the "driving ferce", the result-
ing force which is exerted on the rigid massless semi-cylindrieal footing by
the seil, while the rigid footing is fixed to be immovable whemn it is subject-
ed to the obliquely incident SH waves.

Imposing the beundary conditions upon ul + ug ’ ug ’ uY s and u{l s We
get the infinite simultaneous equations for the unknown coeffieients bd ,
c) » and aJ (3 =A, B. n=0, 1, 2, --) in which the inhomogeneous tefms
aPe modiried according to the problem (A) or the preblem (B) expressed by

€ nko Qm ¥ * S (Xa0) ¢} - KV (xap/a & = £ ver (5

‘nJ, Rmbi + [J-(Xaa) ]‘c: -uf H-(”(xao/c) ]'di = zfi eee (5b)

2!!:”(40 )bi + e J (ag )(-1)'n§° L: (XxDay ) cg = ,fi <o (Se)

in which a prime superscript denotes differentiation with respect to the
argument. And Rpm is represented by the differential form of Qum -
In Egs. (5), the following dimensionless parameters are introduced

X=gay/a2 , XD =D/az » Qo = K1az = waa/cy
e=cafer , P =pa/ey , B = U2/

The infinite simultaneous equations. Egs. (5), can be solved approximately by
considering the finite number of terms which closely spproximate them. Once
the coefficients by , ed , and al » (J = A, B) are determined, the
iMpedance functions and the driving forces of the rigid massless semi-
cylindrical footing are easily evaluated.

Three-dimensional soil-structure interaction .

Three-dimensional soil-footing-structure interaction system is shown in Fig.
2. The superstructure modelled consists of a top mass supported by four
columns on a rigid circular footing with radius a, placed upon the surface
of the semi-cylindrical alluvial valley which is subjected to the obliquely
incident plane SH waves expressed in Eq. (1). Since it may be expected that
the variation of the surface displacement amplitudes of the alluvial valley
changes rapidly according as the frequency of the incident SH waves increases,
it should be necessary to consider net only the translational vibration but
also the torsional one of the three-dimensional soil-structure interaction
system even though the superstructure mey be idealized to have no eccentric
mass and rigidity distributions.

It is much difficult to evaluate both torsional and translational
vibration of the structure subjected to the obliquely incident SH waves con-
sidering strictly that the energy radiated from the footing is scattered by
the boundary between the alluvial valley and the surrounding elastic half-
space. Therefore, we have adopted the impedance -functions of both torsional
and translational vibration of the rigid massless ecireular footing on an
elastic half-space which has the same characteristics as the alluvial valley.
They were already evaluated in the previous works.*’® It may be easily sup-
posed that the bigger the alluvial valley becomes compared with the footing,
the more valid this approximation on the impedance functions will become.
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In asddition to those impedance functions of the rigid circular massless
footing, it is necessary to evaluste the driving forces of the rigid circular
massless footing on the surface of the alluvial valley subjected to the
obliquely incident plane SH waves to determine the displacement amplitudes
of the structure as described in the preceding section. These driving forces
of the rigid circular massless footing are also approximately evaluated as
follows.

First of all, the surface displacement of the a.l»;uvia.l valley. subjected
to incident SH waves is evaluated by Eq. (2b) and the surface displacement
in the vicinity of the footing is expanded into the Fourier series by

Wly,=e = & ca Tnlas(x+ 1)) = R(x) cee (68)
F(x) = nz-a o exp(imx ) «es (6D)
in which £, = ]:‘ F(x) exp(-imx )dx /2w eee (6c)

Then the displacement components on the surface of the alluvial valley in
eylindrical coordinates, which are indispensable to evaluste the driving
forces of the rigid circular masslesg footing, can be written as

Ur = ,,Z. efm (Jo(mr) + J;(mr)) sin 6 eee (7a)
ue =1 ‘;o sim ‘Tl(mr) + mgocfn (J.(mr) ~ Ja2(mr)) cos® b (Tb)

in which ,f, and g f, are the Fourier cosine and sine integrations of
F(x), respectively, evaluated by Eq. (6c).

We have adopted these displacement components as the inhomogeneous terms
of duel integral equations governing the dynamic mixed boundary value problems
at the surface of the alluvial valley. By appropriate manipulation and sub-
stitution, the dual integral equations are reduced to Fredholm integral
equations of the second kind which may be solved numerically. Thus, we have
evaluated the driving forces for both torsional and translational vibrations
of the rigid circular massless footing on the surface of the alluvial valley
subjected to the obliquely incident plane SH waves.

NUMERICAL RESULTS AND DISCUSSIONS

We need the impedance functions as well as the driving forces of the
rigid massless footing in order to investigate the effects of teopographical
site conditions on the dynamic responses of the soil-structure interaction
systems shown in Figs. 1 and 2. Though both the impedance functions and the
driving foreces are frequency dependent, once they are numerically determined
for the dimensienless frequency ag = wap /c¢j; , the characteristics of
responses of structures can be found simply by algebraic calculstions.

Two-dimensional antiplane soil-structure interaction?

We assume, for simplicity, that the building is represented by a linear shear
wall, whose rigidity is My and shear wave velocity and mass density are Cp

LR
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and Py o respectively.

Pigs. 3 show the displacement amplitudes IA[ of the footing normalized
by the amplitude wup of the incident SH waves over the dimensionless frequen-
¢y ag for the different values of the incidence angle, "THETA", O of SH
waves for p = 1.2 and c¢ = 1.2 compared with the amplitude respomrse-in the
case of the uniform half-space which is represented by the dash~-dot line. In
the figures, the following parameters are introduced: MO and MB correspond
to the masses ger unit length of the footing and the shear wall, respectively.
And Ms = mpyaj is the mass of the alluvial valley replaced by semi-
circular cross sectxnn footing. € describes the flexibility and the relative
height of the shear wall and is defined by € = ¢;H/cpay -

The zeros of A at ag = [(2n + 1)/2](r/e) for n=0, 1, 2, ——
correspond to the natural frequencies of the shear wall. At these frequen-
cies the base shear force per unit length is cancelled by the input driving
forces and the footing does not move. When the center of the footing coincides
with that of the alluvial valley, the displacement amplitude [A] of the foot-
ing is independent of the incidence angle © of SH waves, since the incident
free~-field motion as well as the soil-structure interaction model is symmetry
with respect to the y axis. And the amplitude responses for XD = 0.0 show
numerous sharp peaks at the resonant frequencies of the alluvial valley with
the boundary at r; = a; fixed. Even when the structure is located at a
distance from the center of the alluvial valley, the amplitude responses
except when @ is equal to be zero show similar numerous local peeks and
troughs to the amplitude response for XD = 0.0. The amplitude response
for © = 0 increases with the increase of the distance XD , and reaches
twice as much as the amplitude response for the uniform half-space when the
footing is located most closely at the edge of the valley.

Figs. L ghow the relative responses of displacement amplitude between the
footing and the top of the structure normalized by the amplitude uy of inci-

dent SH waves over the dimensionless frequency ap These figures show that
the topographical site conditions of the alluvial valley have little influence
on the*relative responses of the displacement of the structure for the low
frequencies from O to 0.3 for which both the top of the structure and the
footing are supposed to vibrate in phase. However, as also shown in Fig. 3,
the relative responses of the structure located closely at the edge of the
alluvial valley for the higher frequencies show more pronounced amplifica-
tion than the relative response of the structure for the uniform half-space.

Three~-dimensional soil-structure interaction

In the following figures, the following parameters are introduced,

Ap = wpaz/cy , Ag = wyaz/ey
in which wp : the natural frequency of torsional vibration of the top mass
with the fixed base; uwyp the natural frequency of translational vibration

of the top mass with the fixed base; IF/IS and IT/IS are the dimensionless
moments of inertia about the vertical axis of the footing and the top mass,
respectively, and MF/MS and MT/MS are the dimensionless masses of the footing
and the top mass, respectively. The Poisson's ratio of the alluvial valley
is assumed to be 0.25.

Figs. 5 show the amplitude charscteristics of the torsional displacements
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of the footing and the top mass normalized by the amplitude ug of the inci-
dent SH waves over the dimensionless frequency parametdr agp/Ap for several
values of the incident angle © of SH waves. When the structure is located
at the center of the alluvial valley and is subjected to the vertically propa-
gating SH waves, no torsional vibration of the structure is genersted. It is
when the structure is located at the position for D = 6a; and subjected to
the horizontally propagating SH waves thet the torsiohal response of the
structure is most amplified.

Figs. 6 show the amplitude characteristics of the translational dis-
placements of the top mass normalized by the amplitude ug of the incident
SH waves over the dimensionless freguency parameter aj /XH for several
values of the incident angle © of SH waves. They are compared with the
response of the top mass of a structure on an elastic half-space subjected
to the vertically propageting SH waves which is represented by the dash-dot
line. It is shown that the located position of the structure has as much
influence on the translational responses of the three-dimensional soil-
structure system as on the translational responses of the two-dimensional
antiplene soil-~-structure system.

Figs. T show the relastive displacement amplitudes, normalized by the
amplitude up of the incident SH waves, between the footing and the top mass
of the structure considering both torsional and translational responses over
dimensionless frequency aqp for several values of the incident angle © of
SH waves, which are compared with the response of the structure on an elastic
half-space subjected to the vertically propagating SH waves. It should be
noted that the relative responses between the footing and the top mass of
the structure located at for D = 6ap; subjected to the horizontally prope-
gating SH waves are greatly amplified in the neighborhood of the resonant
frequencies of torsional vibration of the top mass.
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Fig. 5. Torsional displacement amplitudes of the structure considering
three-dimensional soil-structure interaction.
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